In background noise, the timing precision of the auditory brainstem response to speech (speech-ABR) is disrupted and the response latency increases. The severity of the disruption has been correlated with listeners' ability to understand speech-in-noise. To date, although a central mechanism is assumed, the locus of the speech-ABR timing disruption is not clear. The present study aimed to investigate the contribution of different cochlear mechanisms to noise-induced latency increases. A first experiment examined the 'cochlear place' mechanism, by which the latency of the response increases as cochlear origin moves towards lower frequency regions. The results showed that the speech-ABR reflects an average over responses from a broad range of cochlear regions, which respond with substantial relative delays. This implies that cochlear place can potentially have large effects on masked speech-ABR latency. Another mechanism that is known to be involved in noise-induced ABR latency increases is neural adaptation. This is presumed to occur at the inner hair cell-nerve junction and is thought to reflect cochlear masking. Thus, if this mechanism contributes to speech-ABR latency increases in noise, we would expect this contribution to depend on cochlear frequency selectivity and amplification gain. This hypothesis is tested in the second experiment.
INTRODUCTION
The auditory brainstem response (ABR) is a scalp-recorded evoked potential generated by the summed firing of many brainstem neurons in response to a sound stimulus. In response to a transient stimulus, such as a click, the ABR consists of a sequence of peaks at increasing latencies that reflect neural activity from successive stages along the auditory pathway, from the primary auditory nerve up to the inferior colliculus in the midbrain. In recent years, there has been increasing interest in ABRs evoked by more complex sounds, such as speech stimuli, as a tool to study the subcortical representation of spectrotemporal features of speech in humans. The speech-ABR has a response latency that is similar to wave V of the click-evoked ABR (5-6 ms), which places its origin in or near the inferior colliculus, and reflects neural phase-locking to the envelope of the speech stimulus (1) . The speech-ABR has been most well characterised in response to a synthetic [da] stimulus (see 1 for a review) and has been shown to relate to numerous high-level listening and literacy skills in children and adults (2) . A central finding is that certain parameters of the speech-ABR appear to be predictive of speech-in-noise (SiN) performance in both normal and clinical populations (3) . In particular, the size of the latency increase of the speech-ABR peaks in background noise has been shown to correlate with SiN performance, with poor SiN performers exhibiting larger latency shifts than good SiN performers (4) .
It is generally assumed that the noise-induced latency shifts of the speech-ABR result from a loss of neural synchrony and/or of the number of neurons firing in response to the stimulus. The latency shift is thus thought to result from a central mechanism and resultantly, it has been proposed as a biomarker of central auditory processing deficits that underlie speech and language impairments (5). However, previous work using simple click and toneburst stimuli (6, 7, 8) has demonstrated that ABR peak latencies are strongly dependent on the mechanical processing that occurs in the cochlea (9) . One important factor is the cochlear region from which the response originates (6) . Different frequency regions are associated with different cochlear response times as a result of two factors. Firstly, it takes more time for the travelling wave to reach lower-frequency sites of activation than it does higher-frequency sites. Secondly, cochlear filter build-up time is longer at lower-frequencies where filters are narrow than at higher-frequencies where filters are broad (10) . Consequently, activation at low-frequency cochlear regions occurs several milliseconds later than activation at high-frequency regions and this timing difference has been shown to be preserved in the ABR (6, 7, 8) . Under certain conditions, noise-masking can change the relative contribution from different cochlear regions to the ABR and thereby change its response latency. This mechanism is referred to as the cochlear place mechanism and can lead to substantial masking-induced latency changes if the ABR is evoked by stimuli which excite a broad range of frequency regions. This is most evident when stimuli have lowfrequency content and are presented at moderate to high intensities, as is the case with the [da] stimulus used to evoke the speech-ABR. Another mechanism that is known to contribute to noise-induced ABR latency increases is receptor adaptation (11, 12) . This occurs at the inner hair cell-nerve junction and increases the threshold of receptor activation, leading to a delayed auditory nerve response which is inherited by the ABR latency. The degree of adaptation depends on the size of the cochlear response to the noise masker at the place where the stimulus excitation occurs. Resultantly, the latency shifts reflect cochlear masking. It is well known that cochlear masking effects depend on the active amplification mechanism within the cochlear, which provides the narrow frequency tuning and compressive nonlinearity that underlies normal hearing. Previous work has shown that non-linear effects of the amplification mechanism are reflected in the wave V latency of the tone-evoked ABR (13) . Furthermore, the gain of amplification is under feedback control from the medial-olivocochlear (MOC) system (14) , which is activated in response to noise maskers. There is evidence that the strength of this MOC reflex also affects speech-ABR latency shifts in noise (15) . Estimates of cochlear gain and MOC reflex strength have been reported to show considerable variability, even in the normally-hearing listeners, which has been associated with inter-individual differences in SiN perception (15, 16) . Therefore, it is possible that variability of the speech-ABR latencies amongst apparently normal-hearing listeners may be explained by sub-clinical differences in cochlear processing.
The aim of the present study was to investigate the contribution of cochlear processing to the noise-induced latency increases of the speech-ABR in normally-hearing adults. In a first experiment, we will examine the role of the cochlear place mechanism by evaluating the relative contributions and response latencies from different frequency regions to the speech-ABR. In a second experiment, we will examine the contribution of active cochlear processes to speech-ABR latency shifts. This will be investigated by measuring latency shifts within a restricted frequency region, which will reflect receptor adaptation without a place mechanism confound. These latency shifts will be correlated with measures of cochlear frequency selectivity, amplification gain and MOC reflex strength.
METHOD
Experiment 1 design: Speech-ABR contributions from different frequency regions in the cochlea were measured using the high-pass subtractive masking method (6) . This involves the recording of speech-ABRs in intense simultaneous high-pass filtered masking noise which restricts cochlear contributions at and above the high-pass cutoff frequency. The responses recorded under masking conditions with different high-pass cutoff frequencies are subtracted to obtain a so-called 'derived-band' response (see figure 1) . Specifically, the response with a lower highpass cutoff is subtracted from the response with a higher high-pass cutoff to obtain a derived-band response that reflects the contribution from the cochlear region between the two high-pass cutoff frequencies only. In this way, derived-band responses between 0.5-1, 1-2, 2-4 and 4-8 kHz will be obtained. The latency of the response in each derived-band was determined by cross-correlating derived-band responses with the unmasked response and finding the delay at which maximal correlation occurs. Experiment 2 design: The derived-band method and parameters of experiment 1 will be used with the addition of a 3 kHz high-pass cutoff masker to allow narrower delimiting of frequency contributions. To measure the contribution of receptor adaptation to speech-ABR latency shift, the derived-band responses will be recorded under two subtotal masking conditions (50 and 60 dB SPL), in which a masking noise is presented within the derived-band frequency region, but at a level that does not completely eradicate the response. The latency shifts that occur due to subtotal masking within a derived-band response cannot be attributed to a cochlear place mechanism and, therefore, are expected to reflect receptor adaption. In each participant, cochlear frequency selectivity will be assessed by measuring auditory filter widths at 0.5, 1 and 2 kHz using the notched-noise method (17) . This involves measuring the detection threshold for a sinusoidal signal in a notched noise masker at varying notch widths. Estimates of cochlear amplification gain and MOC reflex strength will be obtained by recording click-evoked otoacoustic emissions (CEOAEs) recorded at 60, 70 and 80 dB SPL, both in quiet and in the presence of contralateral noise presented at 60 and 70 dB SPL for each stimulus level (Otodynamics Ltd, London). Otoacoustic emissions are very faint sounds that can be detected in the ear canal following sound stimulation and are a byproduct of cochlear amplification (18) . A reduction in CEOAE amplitude in the presence of contralateral noise provides a measure of gain reduction by the MOC reflex (14) . Neurophysiological recording and stimuli: EEG was recorded using a vertical electrode montage, sampled at 10 kHz and filtered online at 30-3000 Hz (Intelligent Hearing Systems, USA). ABRs were averaged to 4000 [da] stimuli (see Figure 1 b ). The [da] stimulus was 170 ms, the first three formants of which were dynamic over 1-50 ms: F1 = 400-720 Hz, F2 = 1700-1240 Hz, F3 = 2580-2500 Hz, whilst the fundamental frequency (F0 = 100 Hz) and higher formants (F4 = 3300, F5 = 3750 and F6 = 4900) remained constant throughout. Stimuli were presented with alternating polarities to the left ear at 70 dB SPL. The high-pass masker was an equally exciting noise presented at 80 dB/per equivalent rectangular bandwidth. ABRs were offline filtered 70-2000 Hz and analysed in MATLAB.
a.
b.
RESULTS AND DICUSSION
Preliminary results from experiment 1 are presented from ten participants (18-40 years old, 5 male). Figure 2 shows the grand average speech-ABRs that were obtained for each derived-band overlaid with the unmasked response (black). There was a significant response in each derived-band, which correlated with the unmasked response (maximal cross-correlations with quiet response: 0. 5-1 kHz r=0.63, 1-2 kHz r=0.48, 2-4 kHz r=0.68, 4-8  kHz r=0.56) . This implies that the speech-ABR originates from a wide range of cochlear regions. The latency of the derived-band response varied between frequency regions and the difference between derived-band and unmasked response latency is given at the top of each plot in Figure 2 . Latencies increased from highest (4-8 kHz) to lowest (0.5-1 kHz) derived-bands by up to 3.8 ms on average. This difference between latencies was significant according to one-way ANOVA performed on individual latency estimates F(2, 40) = 7.31, p<0.001. These frequency dependent latencies are in line with previously established cochlear delays based on the latency of the click-evoked wave V (6).
FIGURE 2.
Grand average speech-ABRs from derived-bands (colour) plotted against unmasked response (black). Latency difference between unmasked and derived-band response given in title of each subplot.
These preliminary findings from experiment 1 confirm that cochlear place has a significant effect on speech-ABR latency. Noise-induced latency increases could, therefore, result from changes in cochlear origin. Specifically, if masking predominantly eliminates high-frequency contributions, this could result in the delayed speech-ABR latencies that have been previously reported in background noise (19) . This suggests that speech-ABR latency will be affected by all human and experimental factors that impact upon relative frequency contribution. For example, the spectral content of the stimulus and masker and the listener's audiometric configuration may need to be taken into account when interpreting latency differences between conditions, individual listeners and clinical groups. Experiment 2 will expand the derived-band analysis of the speech-ABR to investigate within-band effects of noise masking and their dependence on cochlear factors. Based on previous findings, we expect that absolute derived-band latencies will decrease with broader auditory filters. With regard to noise-induced latency shifts, previous literature suggests different possible correlations with cochlear factors. Some work has shown that noiseinduced latency shifts are reduced in sensorineural hearing loss (20) . However, other findings suggest that sensorineural hearing loss might lead to greater noise-susceptibility due to broader filters (21) . This work hopes to clarify the physiological basis of speech-ABR latency shifts in noise, and how they relate to speech-in-noise processing. 
